Most animal groups vary extensively in size. Because individuals in certain sizes of groups often have higher apparent fitness than those in other groups, why wide group size variation persists in most populations remains unexplained. We used a 30-y markrecapture study of colonially breeding cliff swallows (Petrochelidon pyrrhonota) to show that the survival advantages of different colony sizes fluctuated among years. Colony size was under both stabilizing and directional selection in different years, and reversals in the sign of directional selection regularly occurred. Directional selection was predicted in part by drought conditions: birds in larger colonies tended to be favored in cooler and wetter years, and birds in smaller colonies in hotter and drier years. Oscillating selection on colony size likely reflected annual differences in food availability and the consequent importance of information transfer, and/or the level of ectoparasitism, with the net benefit of sociality varying under these different conditions. Averaged across years, there was no net directional change in selection on colony size. The wide range in cliff swallow group size is probably maintained by fluctuating survival selection and represents the first case, to our knowledge, in which fitness advantages of different group sizes regularly oscillate over time in a natural vertebrate population.
cliff swallow | coloniality | group size | natural selection | social behavior M ost social animals exhibit wide variation in group size (1) (2) (3) , with the smallest and largest groups often differing in size by several orders of magnitude. Natural group size variation has proven useful in studying both the benefits of sociality and some of the costs, such as the spread of disease among groups (4) (5) (6) . Surprisingly, in almost all species, some group sizes occur that are clearly disadvantageous relative to others (7, 8) . Individuals in the less successful group sizes should be selected against (9) , especially given known heritable preferences for group sizes (10) (11) (12) , genetic differences among individuals in different-sized groups (13, 14) , and behavioral specializations for particular group sizes (15, 16) . What maintains size variation (and the associated variation in individual behavior) in the face of apparent group size-related fitness costs remains one of the most perplexing, but unresolved, problems in behavioral biology (17) (18) (19) .
One mechanism that can maintain long-term stasis in trait distributions such as group size is temporally fluctuating selection, in which selection alternately favors traits in one direction and then the opposite direction (20) (21) (22) . Although perhaps common in nature (23), only a relatively few studies have demonstrated statistically significant reversals in selection direction (24, 25) , and whether fluctuating selection is a common evolutionary process remains unclear. In the case of group size, fluctuating selection could hypothetically generate a long-term stasis in group size distributions if the sign of directional and/or nonlinear selection regularly reversed such that small groups were favored in some years, medium-sized groups were best in others, and large groups were advantageous in still other years.
Here, we use a 30-y field study of a colonially nesting songbird to investigate temporal differences in the form and direction of survival selection on group size, a genetically based trait in this species (10) . We use the results to infer relative advantages and disadvantages of particular group sizes in different years, and we find that reversals in the direction of selection can be predicted partially by annual variation in drought conditions. The results are the first, to our knowledge, to show formally that a fitness effect of different group sizes can fluctuate among years over a long timescale in a natural population.
The cliff swallow (Petrochelidon pyrrhonota) is a sparrow-sized bird found primarily in western North America. It attaches its gourd-shaped mud nests underneath overhanging ledges on the sides of steep cliffs and canyons, often in high density (26) . Recently, cliff swallows in many areas have colonized artificial nesting sites such as highway bridges and culverts underneath roads or railroad tracks, where they nest as single pairs or (more often) in colonies of up to 6,000 nests in size (27) . Our study site in western Nebraska (28) contains ∼200 cliff swallow colony sites. Feeding exclusively on flying insects, cliff swallows breed typically from late April to late July before migrating to southern South America (primarily Argentina) for the winter (26) .
We used long-term mark-recapture of banded birds to estimate annual survival probabilities of cliff swallows occupying nesting colonies of different sizes. During the 30 y of the study, more than 229,000 total individual swallows were marked, and those birds were captured more than 400,000 times at up to 40 colonies per year (Table S1 ). We examined annual survival selection in both first-year birds (from when first banded as nestlings to their first breeding season, with sexes combined, as nestlings Significance A characteristic feature of animal groups is extensive variation in size. Biologists have recognized that group size can often have profound effects on the fitness of individuals, and often certain group sizes afford greater short-term benefits than others. When individuals in some group sizes are less successful, what maintains pervasive variation in group sizes in nature remains a fundamental problem in behavioral biology. In colonial cliff swallows, survival advantages regularly fluctuate among group sizes over time. This study shows that changes in the direction and form of natural selection on colony size serve to maintain a wide range of group sizes and represents the first case, to our knowledge, in which the advantages and disadvantages of different group sizes regularly fluctuate in a natural vertebrate population. cannot be sexed) and ≥1-y-old adults (from one breeding season to the next) of each sex. Colony size was the number of active cliff swallow nests in either the natal colony (for first-year birds) or breeding colony (28) .
We used the mark-recapture data (Table S1) with Program MARK (29) to perform linear and quadratic regression of colony size on survival, with the resulting selection gradients (30) specifying the form and direction of selection (31) . Linear selection gradients describe positive or negative directional selection, whereas quadratic ones were indicative of stabilizing (if negative) or disruptive (if positive) selection on colony size. The regression for first-year survival included the effect of hatching date, a major determinant of first-year survival in many birds (32) . Analyses for adults used multistate models (33) with two states, in which (for computational reasons) survival was estimated for each focal colony size as one state and all other colony sizes as a second state. To determine whether any annual changes in selection were related to seasonal weather conditions, perhaps through effects on parasite populations or food supply, we examined relationships between selection gradients and drought indices for the birds' 3-mo (May-July) breeding period in Nebraska and for the 3 mo (November-January) they are resident in Argentina. Earlier work showed that these birds are sensitive to drought conditions that influence breeding time and that the effect of colony size on breeding time varies with the extent of summer drought (34) . The wintering range in northeastern Argentina also exhibits high annual variability in the degree of drought (35) .
Results and Discussion
For first-year birds, the 95% confidence interval of the directional (linear) survival selection gradient on colony size did not overlap 0 in 11 of 17 y: the positive and negative selection coefficients ( Fig. 1A) showed that both large and small colonies, respectively, were favored in different years ( Fig. 2 A and B) . Years with coefficient confidence intervals overlapping 0 represented cases of no detectable selection. Across all 17 y, the mean selection coefficient for first-year survival did not differ significantly from 0 (t 16 = 0.15; P = 0.88), indicating no net long-term advantage associated with either larger or smaller natal colonies.
Among adults of both sexes, directional selection coefficients (n = 24) also fluctuated in sign, with confidence intervals of 10 for males and 9 for females not overlapping 0 ( Fig. 1B ). Annual survival in some years was higher for adults occupying smaller colonies and in other years for those using larger colonies ( Fig. 2 C and D). Across 24 y, the mean directional selection coefficient for breeding adults did not differ significantly from 0 for either males (t 23 = 1.40; P = 0.17) or females (t 23 = 0.37; P = 0.71), indicating, as for first-year birds, no net long-term survival advantage for birds of particular colony sizes. Year-specific gradients on colony size did not covary for first-year birds and adults ( Fig. S1 ), indicating that selection likely operated on both life history stages independently.
We found evidence of nonlinear (variance) selection on colony size for one or both sexes of adult birds in 14 y in which coefficient confidence intervals did not overlap 0 ( Fig. 1C ). That 12 of the 14 variance gradients were negative indicates that the nonlinear selection was primarily stabilizing, with intermediatesize colonies favored ( Fig. 2E ). In 1 y, however, survival selection for both sexes was disruptive and favored birds occupying the two extremes of the colony size distribution (Fig. 2F ). Some years showed evidence of both directional and stabilizing selection, whereas others had one or the other ( Fig. 1 B and C) .
For first-year birds, there was no indication of significant nonlinear selection on colony size in any year. A first-year survival model with a quadratic term for colony size was a much poorer fit than the one without a quadratic term (Estimating Selection), and the 95% confidence intervals for all of the estimable yearly quadratic coefficients overlapped 0.
For first-year birds, variation in the annual directional selection coefficients was significantly predicted by extent of drought in Argentina [multiple regression; β (± SE) = 5.8822 (±1.0681); t 14 = 5.51; P < 0.0001], but not by drought in Nebraska [β = 0.1011 (±0.0638); t 14 = 1.58; P = 0.13; model r 2 = 0.69]. Birds from larger natal colonies were favored in cooler and wetter years on the wintering range, whereas those from smaller colonies did better in hotter and drier years (Fig. 3A) . For breeding adult males, annual variation in the directional selection coefficient was significantly predicted by extent of drought in Nebraska [β = 0.0059 (±0.0026); t 21 = 2.28; P = 0.033], but not by drought in Argentina [β = 0.0207 (±0.0265); t 21 = 0.78; P = 0.44; model r 2 = 0.20]. As was the case for first-year birds during winter, adult males from larger colonies were favored in cooler and wetter years during the breeding season, whereas the reverse held for birds from smaller colonies ( Fig. 3B ). Drought in neither Nebraska nor Argentina significantly predicted annual variation in the directional selection coefficient for adult females (P ≥ 0.49; model r 2 = 0.04). Variance selection coefficients were not significantly predicted by drought in either Nebraska or Argentina for either adult males (P ≥ 0.12; model r 2 = 0.12) or adult females (P ≥ 0.63; model r 2 = 0.01).
Cliff swallows living in different-sized colonies experience different costs and benefits of sociality; for example, the cost of ectoparasitism by blood-feeding swallow bugs (Oeciacus vicarius) increases in larger colonies, along with the benefit of greater foraging efficiency by virtue of information exchange among residents (28) . Survival integrates these (and other) costs and benefits, and our analyses here suggest that the net effect of them varies among years and partially correlates with drought conditions. In cool and wet breeding seasons when flying insects are less abundant (low-resource years), adult cliff swallows from larger colonies (with more foraging information available) probably find more food than do birds from smaller colonies (28) . In contrast, in drier years, flying insects are more readily available everywhere (high-resource years), and thus there is less benefit to having foraging information. In wet years, ectoparasite numbers in general are reduced because cooler weather slows the bugs' development. However, dry years accelerate ectoparasite development and magnify the parasites' effects, which are especially severe for birds in large colonies (28, 36) . For these reasons, breeders occupying smaller colonies should be in better condition than birds in larger colonies at the end of the season in drier years, and the reverse would apply in wetter years. Our analyses, at least for breeding males, were consistent with survival selection favoring birds from large colonies in low-resource, low-parasite years and birds from small colonies in high-resource, high-parasite years. The trend for breeding females, although not significant, was in the same direction.
Our data further show effects of natal colony size that are manifested on the wintering grounds. Perhaps one reason why first-year birds from larger natal colonies survive better than birds from smaller natal colonies during low-resource winters (i.e., winters that are cool and wet) is because large-colony birds are inherently more social, and their greater degree of sociality can afford more information-related benefits when food is scarce in winter (37) . That same sociality might be less advantageous when food is abundant, and possibly more costly if different prey (e.g., fewer swarming insects) are exploited in drier winters. Taking advantage of social information in foraging is likely to be more important during a bird's first winter when it is relatively inexperienced, and possibly for this reason, survival selection varied with winter drought for first-year birds, but not for adults.
Some group-living species apparently anticipate seasonal weather conditions in advance, and adjust their group sizes accordingly (38) . However, cliff swallows do not seem to do this (27) , perhaps both because colony size preferences are heritable (and thus somewhat fixed) for individuals (10) , and because they cannot predict whether the season will be a low-resource or a high-resource year at the time of settlement.
Although temporally fluctuating selection on morphology is known for some species (20, 39) , this sort of selection has rarely been shown for behavioral traits (40) . Fluctuating survival selection has not previously been applied to explain group size variation, likely in part because the majority of datasets are insufficient in temporal and spatial scope to detect the full extent of annual variability in selection. Our results were possible only because we had 30 y of survival data. A more typical-length study (3-4 y), depending on when conducted, could have concluded there was not an effect of colony size (e.g., adults in 1992-1996), that the effect was typically negative (e.g., adults in 1997-2003), or that it was usually positive (e.g., adults in 2005-2008; Fig. 1B ). With longevity being the major determinant of fitness in small songbirds such as cliff swallows (41, 42) , the regular reversals in survival selection based on colony size could help explain why groups of different sizes persist over the long term.
Materials and Methods
Study Site. We studied cliff swallows near the Cedar Point Biological Station (41°13' N, 101°39' W) in southwestern Nebraska along the North and South Platte rivers, with the study area including portions of Keith, Deuel, Garden, Lincoln, and Morrill counties. In this area, the birds nest mostly on the sides of bridges and in box-shaped road culverts (27) . Colonies were defined as birds from groups of nests that interacted at least occasionally in defense against predators or by sharing information on the whereabouts of food. Typically, all of the nests on a given bridge or road culvert constituted a colony (28) , with most colonies separated from the next nearest one by 1-10 km. Colony size varied widely; in our study area, it ranged from 2 to 6,000 nests (mean ± SE: 404 ± 13; n = 2,318 colonies), with some birds nesting solitarily. The distribution of colony sizes in the population showed some annual variability, but there was no long-term change in the colony size distribution over the course of 30 y (27) .
Animal use was approved by a series of Institutional Animal Care and Use Committees of Yale University and the University of Tulsa (most recently, under protocol TU-0020).
Field Methods. Colony size in all cases refers to the maximum number of active nests at a site, with an active nest defined as one in which one or more eggs were laid. Colony sizes were determined by direct counts of all active nests (from inspecting nest contents) or by estimation based both on nest counts of portions of a colony site and on the number of birds present at a site (28) .
First-year survival estimates relied on nestling cliff swallows that were banded with uniquely numbered U.S. Geological Survey bands, typically at 10 d of age (43) . Among the nestlings involved in a cross-fostering study in 1997 and 1998 (10, 44) , only those that were both born and reared in their natal nest in their natal colony (i.e., not transferred between colonies) were included in these analyses. The total number of nestlings, the number of colonies from which these nestlings came, and the size range of those colonies each year are shown in Table S1 . At sites in which some nests were fumigated to remove ectoparasites (28) , only nestlings from nests that were not fumigated were included.
We monitored the survival of cliff swallows each year through 2013 via systematic mist-netting at 12-40 colony sites per season (45, 46) (Table S1 ). Birds were captured by putting nets across the entrances of highway culverts or along the sides of bridges that contained swallow colonies. Swallows were caught as they exited their nests. We rotated among the accessible colonies, netting at each several times each season (45) (46) (47) , and over the summer, we typically captured 10-60% of the residents at a colony.
Survival of birds banded as nestlings to the next (their first) breeding season was considered first-year survival and only estimated for birds incapable of flight when first banded. The subsequent survival (to later years) of these birds and for all birds first caught and banded as adults was considered adult (breeding) survival. The total number of adults newly banded, the total number of breeding colonies sampled, the size range of those colonies, and the total number of net captures each year are shown in Table S1 . Many adults once banded were caught at different colonies in multiple years (up to 12 y, the oldest age of a cliff swallow recorded in the study area), and thus figured into annual adult survival estimates each year of their life.
Estimating Annual Survival. As in any mark-recapture study of an open population (48) , our survival analyses measured local apparent survival only; permanent emigration from the study area was confounded with mortality. We make the assumption here that colony size did not influence permanent emigration in ways that would lead to biased survival estimates for individuals from different parts of the colony size distribution.
Capture histories, indicating in what years each bird was first banded and later recaptured and the size of its natal and/or breeding colonies, were constructed for all individuals. These capture histories were used in program MARK (29) to generate maximum likelihood Cormack-Jolly-Seber recapturesonly annual survival estimates. For first-year survival, the variable of interest (natal colony size) was fixed for each individual, as each bird could have only one colony size in which it was born. Thus, we used a single-state survival analysis in which natal colony size was modeled as a continuous covariate. Because hatching date has a major influence on a cliff swallow's probability of surviving its first year (49), we also included banding date (an approximate index of when in the season an individual hatched) as a continuous linear covariate. We were specifically interested in yearly differences in how natal colony size affected first-year survival, and thus we used a timedependent survival model in which first-year survival was estimated separately for each year, with colony size and banding date as continuous linear individual covariates. Other potential covariates of survival (e.g., brood size, parasite load, body mass), although known for some individuals, were not used in these analyses because they were not measured for birds in all years.
Preliminary analyses showed that recapture probability (48) for the nestling dataset was best modeled as separate by year, and, within each year, separate for the first-year age interval versus all others. For example, a model with year-dependent recapture but without an age difference had a Quasi-Akaike Information Criterion (QAIC c ) value 20.1 greater than an equivalent model with a first-year age difference in recapture. A similar model structure was used for survival, as we were specifically interested in yearly differences in first-year survival, and first-year survival is known to be different from that of the older age classes in cliff swallows (28, 49) . Firstyear survival and associated effects of natal colony size could not be estimated separately for males and females because sex of nestlings at the time of banding cannot be determined in cliff swallows. We assessed the goodness of fit of a fully parameterized model for first-year survival, using the median c-hat test (ĉ = 1.54), and adjusted parameter variances in MARK accordingly. Graphic representation of first-year survival ( Fig. 2 A and B) was plotted for the mean hatching date.
Single-state models could not be used for adult (breeding) survival, as the colony size an individual occupied often varied from year to year across its lifespan. Furthermore, adults were often not detected in a given year (but later re-encountered), and thus their colony size for the missing year or years were unknown. Therefore, we used a multistate survival model (33) in which annual survival to time t + 1 was estimated conditional on the breeding colony size an adult occupied in time t. We used seven different colony size states, corresponding to colony sizes of 1-49 nests, 50-99 nests, 100-249 nests, 250-499 nests, 500-999 nests, 1,000-1,999 nests, and ≥2,000 nests, and generated survival estimates for each state. These colony size categories were used in previous research (27, 28) and seem to be biologically justifiable, given, for example, the level of interaction among colony residents.
Because we were interested in estimating adult survival separately by year for 24 y, dividing colony sizes more finely into more states led to such a proliferation of survival, recapture, and transition parameters that such models were both unwieldy to run and often could not generate a given survival estimate because of sparseness of data for particular colony size/year combinations. Even running a model in which each of the seven colony size states each year was included proved unmanageable. Instead, for each of the seven colony-size groups, we created a two-state mark-recapture dataset. The two states consisted of a "focal" state that represented an observation of a cliff swallow at the colony size class of interest and an "other" state that represented an observation of a cliff swallow at any one of the other six colony size classes. For example, for the mark-recapture dataset in which the focal colony size class was a size of 1-49 nests, all captures of a cliff swallow at a colony of 1-49 nests were coded as a "1," captures at all other colony sizes were coded as a "2," and if a cliff swallow was not captured at all, this was coded as a "0." We assessed the goodness of fit for each dataset, using program U-CARE (50) , and corrected all subsequent estimates of survival, detection, and movement, using the dataset-specific estimates of overdispersion generated from U-CARE.
For each dataset, we built and ran a single multistate model. We modeled survival (S) by age (either first year caught as adult or after first year caught as adult), sex (male or female), colony size state, and year [S(age + (sex × year × state))]. We modeled detection (p) by sex, colony size state, and year [p(sex + (year × state))]. Last, we modeled movement (ψ) by sex and state-to-state transition only [ψ(state × sex)]. Only models with this structure for movement were manageable enough to run. We interpreted the estimates generated by the single-model run for each mark-recapture dataset. We estimated adult survival in relation to breeding colony size for all years from 1987 to 2010, giving us at least 2 y of recapture for each yearly cohort.
Estimating Selection. For first-year survival estimates, both linear covariates (hatching date and natal colony size) were standardized within each year to yield a mean of 0 and a SD of 1. Within-year standardization was done because we were interested in year-specific effects on survival, and survival was estimated by year. This provided a standardized measure of selection (51) . The β value obtained for natal colony size from program MARK represented the sign and magnitude of directional (linear) selection (the gradient) on colony size (30) . The possibility of nonlinear selection on colony size was investigated by constructing a model identical to that used for estimating directional selection, but that also included a quadratic term (colony size squared) as an individual covariate. This model had a QAIC c 170.6 greater than for the one without a quadratic term, indicating no evidence for nonlinear (variance) selection on colony size for first-year birds. Some years did not have sufficient sample sizes to yield estimable parameters for either directional or nonlinear coefficients.
For breeding adults, we standardized colony size within each year, as done for nestlings (described earlier), and performed linear and quadratic regression of colony size on survival, using survival as estimated earlier and the colony sizes sampled in each year. This yielded yearly estimates of directional (β) and nonlinear (γ) selection. Quadratic (nonlinear) selection coefficients were doubled, as recommended by Stinchcombe et al. (52) . Because we present standardized selection gradients, the strength of selection can be inferred directly from those coefficients.
Weather Data. We make the assumption that weather conditions in year t may affect the relationship between colony size and survival, as measured to year t + 1. In assessing how this relationship varied with year, we used drought as an integrative measure of temperature and rainfall to describe annual weather conditions important to cliff swallows (34) . For the summer breeding season, we used the modified Palmer Drought Severity Index (PDSI), available from the National Oceanic and Atmospheric Administration for Climate Division 7 of Nebraska (corresponding to southwestern Nebraska) for the combined months of May to July each year (www.ncdc.noaa.gov/cag/). We used these months, as that was the inclusive period that most cliff swallows were present in the Nebraska study area, and the PDSI for that period has been shown to predict cliff swallow breeding phenology (34) . However, because the PDSI was not available for the birds' wintering range, for analyses of winter conditions, we used the Standardized Precipitation-Evapotranspiration Index (SPEI), a drought measure (53) that is more readily available worldwide. Based on the region of primarily northeastern Argentina (Fig. S2) , where most cliff swallows apparently winter (26), we used the utility available at sac.csic.es/spei/ map/maps.html to produce the SPEI for this region for the combined months of November-January each year. This period corresponds to when cliff swallows are most likely present on the Argentine wintering range (26) .
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Brown et al. 10 .1073/pnas.1600218113 Fig. S1 . Annual survival selection gradient (±1 SE) on colony size for breeding adult cliff swallows in relation to the selection gradient (±1 SE) in the same year for first-year birds. Adult males are shown by closed circles (•), and females by open circles (○). There was no significant correlation between the first-year selection gradient and that for adult males (r s = −0.13; P = 0.67; n = 13 y) or that for adult females (r s = −0.20; P = 0.50; n = 13) in the same year. Only years for which selection coefficients for both age groups were available could be included. Fig. S2 . Region of primarily northeastern Argentina (denoted in white) where cliff swallows apparently concentrate in winter (26) that was used for calculating the SPEI for the 3-mo period, November-January, each year to describe drought conditions experienced by the birds on their wintering range.
